abstract Small organic molecules, like quaternary ammonium compounds, have long been used to probe both the permeation and gating of voltage-dependent K ϩ channels. For most K ϩ channels, intracellularly applied quaternary ammonium (QA) compounds such as tetraethylammonium (TEA) and decyltriethylammonium (C 10 ) behave primarily as open channel blockers: they can enter the channel only when it is open, and they must dissociate before the channel can close. In some cases, it is possible to force the channel to close with a QA blocker still bound, with the result that the blocker is "trapped." Armstrong ( J. found that at very negative voltages, squid axon K ϩ channels exhibited a slow phase of recovery from QA blockade consistent with such trapping. In our studies on the cloned Shaker channel, we find that wild-type channels can trap neither TEA nor C 10 , but channels with a point mutation in S6 can trap either compound very efficiently. The trapping occurs with very little change in the energetics of channel gating, suggesting that in these channels the gate may function as a trap door or hinged lid that occludes access from the intracellular solution to the blocker site and to the narrow ion-selective pore.
i n t r o d u c t i o n
The best studied blockers of voltage-activated K ϩ channels are tetraethylammonium and its derivatives, collectively called quaternary ammonium (QA) 1 compounds. Armstrong (1966 Armstrong ( , 1969 Armstrong ( , 1971 ) pioneered the use of QA compounds for the study of K ϩ channel permeation and gating. He discovered that tetraethylammonium (TEA) and its QA derivatives block the ionic current only after the channel has been open. Because dissociation of the blockers was made faster by increasing the external [K ϩ ], he proposed that QA compounds bind within the pore.
For the most part, QA compounds also prevent K ϩ channels from closing. Armstrong (1971) found that for squid axon K ϩ channels, the tail currents (indicative of K ϩ channel closing upon repolarization) are made slower by nonyltriethylammonium (C 9 ) blockade, and they have a rising phase ("hook"). These kinetic changes are explained by assuming that most of the channels remain open until the blocker dissociates, and then they close to the original unblocked closed state. However, the blocker's ability to prevent closing is not absolute. Armstrong observed a slow component of recovery from blockade, that was more pronounced and slower at very negative voltages. Since very negative potentials are known to favor closing of the channel, he suggested that this slow recovery from blockade was due to some of the channels closing with a QA ion trapped inside the pore.
For cloned wild-type Shaker K ϩ channels, QA blockers behave much as they do in the squid axon channel, except that there is no indication of trapping. Decyltriethylammonium (C 10 ) slows the closing of the channels upon repolarization (Choi et al., 1993) . Moreover, at voltages where the channel open probability is significantly lower than one, TEA and C 10 show a substantially reduced apparent affinity for the channels, consistent with a scheme in which these blockers bind only to the open state (Choi et al., 1993) .
We have accidentally found a point mutation, I470C, that changes the Shaker K ϩ channel so that it can trap TEA and C 10 . This mutation is in the S6 membranespanning region of the channel, near the 469 site previously shown to influence the binding affinity of longchain QAs (Choi et al., 1993) . Because this mutant also does not C-type inactivate, we could easily measure the voltage dependence of gating of blocked channels. This voltage dependence was not very different from the gating in the absence of blocker, suggesting that the blockers bind to a site that does not itself change very much during gating, except that the site is covered by a trap door or hinged lid when the channel closes. m a t e r i a l s a n d m e t h o d s
Mutagenesis and Expression
For channel expression we used the Shaker H4 K ϩ channel (Kamb et al., 1988 ) with the ⌬ 6-46 mutation that removes N-type inactivation (Hoshi et al., 1990) . The channel cDNA was subcloned into the GW1-CMV expression vector (British Biotechnology, Oxford, UK; Choi et al., 1991) . In addition, our "wild-type" channel had the following background mutations: C301S, C308S, and T449V (Holmgren et al., 1996) ; all references to wild-type data obtained in this paper refer to this channel. The T449V mutation reduces the amount of C-type inactivation (López-Barneo et al., 1993) ; with the additional I470C mutation, no inactivation at all was apparent. The mutation I470C was made by polymerase chain reaction (Ausubel et al., 1996) and was confirmed by sequencing the entire subcloned 230-bp insert between amino acids 435 and 509.
The expression system used was human embryonic 293 cell line (HEK 293; Amer. Type Culture Collection, Rockville, MD). The channel expression plasmid (20 g) was cotransfected with the H3-CD8 plasmid (Seed and Aruffo, 1987) which expresses the ␣ subunit of the human CD8 lymphocyte antigen. Cells expressing the CD8 antigen were identified visually by decoration with antibody-coated beads (Jurman et al., 1994) .
Solutions and Electrophysiological Recordings
The internal solution contained (mM): 160 KCl, 1 EGTA, and 10 HEPES (pH 7.4). We omitted Mg 2 ϩ from our internal solution because we found it to be a voltage-dependent open channel blocker. The external solution contained (mM): 150 NaCl, 10 KCl, 3 CaCl 2 , 1 MgCl 2 , 10 HEPES, pH 7.4.
The electrophysiological recordings were performed from inside-out excised patches (Hamill et al., 1981) using the same conditions described earlier (Holmgren et al., 1996) .
Stabilization Energy Calculation
The stabilization energy associated with a blocker was calculated from the apparent equilibrium constant for gating of blocked channels, relative to the apparent equilibrium constant for gating of unblocked channels: ⌬ G stab ϭ RT ln [K g(B) /K g ]. This was calculated at the voltage for which the data for both curves were most reliable (i.e., closest to 0.5). This voltage was Ϫ 50 mV for C 10 and Ϫ 40 mV for TEA. Fig. 1 shows C 10 blockade of wild-type and I470C mutant Shaker K ϩ channels. When applied to the intracellular side of wild-type channels, C 10 produces a characteristic blockade that resembles fast inactivation (Choi et al., 1993;  Fig. 1, top row ) . The exponential decline in the current represents the association of the blocker with the channels, which begins only after the channels start to open (Armstrong, 1971; Choi et al., 1993) . Although there was 78% blockade by the end of the 60-ms pulse, there was complete recovery in the 10-s interval between the first and second pulses in the presence of blocker, as seen from the identical appearance of the two pulses. This is consistent with the previous finding that Shaker channels close only after C 10 dissociates from the channel, so that the closed channels are not blocked.
The C 10 blockade of the mutant I470C channels was quite different. There were some quantitative changes: the affinity was slightly higher and the rate of binding was slightly slower. The main change, though, was qualitative. There was almost no recovery from blockade between the first and second pulses in the presence of C 10 , though the steady-state level at the end of the two pulses is the same. This is a strong form of use dependence: there is little or no block when the channel is maintained in the closed state (before the first pulse), but once the channel is opened, the block becomes very severe and remains so.
Could this simply be due to very tight binding of C 10 to the mutant? We measured the kinetics of C 10 interaction with the open state by analyzing the rate and extent of the decay in the current at different concentrations of blocker (Murrell-Lagnado and Aldrich, 1993; Holmgren et al., 1996) . As for the wild-type channels, C 10 blockade of the mutant had bimolecular association kinetics: the on-rate was proportional to the concentration and the off-rate was independent of concentration (Fig. 2) . At 0 mV, the association rate was 1.3 ϫ 10 7 M Ϫ 1 s Ϫ 1 (compared to 3 ϫ 10 7 M Ϫ 1 s Ϫ 1 for the wild type), and the dissociation rate was 6.9 s Ϫ 1 (compared Figure 1 . The Shaker I470C mutant shows use-dependent blockade by C 10 . Voltage clamp currents from wild-type and I470C mutant Shaker K ϩ channels, in response to depolarization from Ϫ90 mV to 0 mV. Pulses were separated by 10-sec intervals at Ϫ90 mV; the inside-out patch was perfused with 8 M blocker beginning immediately after the control pulse. Steady-state control current was 650 pA (wild-type) and 1020 pA (470C).
to 60 s Ϫ 1 for the wild type). Clearly, these changes are not enough to account for the different behavior of the mutant. In particular, dissociation of the blocker between depolarizing pulses must be much slower than the ‫ف‬ 7 s Ϫ 1 dissociation from the open state.
Trapping and Untrapping of C 10
We considered the possibility that in the mutant channels, the activation gates might close in the presence of a blocking C 10 molecule and trap the C 10 in the channel. To test for trapping of the blocker in the closed state, we performed experiments like the one illustrated in Fig. 3 . In this particular example, the patch was perfused with C 10 and channels were activated by a 240-ms depolarization to 0 mV, which allowed roughly 75% of the channels to be blocked. Subsequently, we closed the channels at Ϫ 90 mV, removed the blocker, and waited for 5 min at a holding potential of Ϫ 90 mV. After waiting, we applied a long test pulse to 0 mV to assess the remaining blockade. At the beginning of this test pulse only 25% of the channels were rapidly activated. The remaining 75% were still blocked at the beginning of the test pulse, but they proceeded to recover with the characteristic open channel dissociation rate of roughly 6-7 s Ϫ 1 . In experiments performed with different concentrations of C 10 , we found that the magnitude of the fast component of the test pulse was always the same as the preceding level of steady-state block (data not shown). These results are consistent with complete trapping of blocker at Ϫ 90 mV. When the experiment of Fig. 3 is done on wild-type channels, no trapping is seen (i.e., the test pulse is identical to the control; data not shown).
A simple kinetic model that would explain our results is:
where C, O, OB, and CB represent different states of the channel: closed, open, open-blocked, and closedblocked, respectively; K g and K g(B) are the effective equilibrium constants for gating in the absence or presence of blocker; B is the blocker (C 10 in this case); and ␣ and ␤ are the association and dissociation rate constants, respectively. We assume that the C O and the CB OB transitions occur much faster than the blocking and unblocking reactions. Therefore, when the membrane was repolarized to Ϫ 90 mV in the presence of C 10 (Fig. 3) , all of the channels closed: the 75% in the OB state closed to the CB state, while the 25% remaining in the O state closed to the C state. After removing the blocker and reopening the channels, the fast component comes from channels that open rapidly from C to O, while the slow recovery corresponds to channels that move rapidly from CB to OB but then re-
O OB CB C Figure 2 . Kinetics of C 10 blockade of I470C mutant channels. The kinetics were determined from the relaxation time course () and extent (f ϭ I steady-state /I ctrl ), measured in the first pulse following application of blocker. We computed k assoc as (1 Ϫ f)/, and k dissoc as f/. Each point shows the mean and standard error of determinations on at least three patches. Fit lines have values for k assoc ϭ (1.34 Ϯ 0.03) ϫ 10 7 M Ϫ1 s Ϫ1 , k dissoc ϭ 6.9 Ϯ 0.2 s Ϫ1 . Figure 3 . Trapping of C 10 in I470C mutant channels. Blocker was applied ‫52ف‬ s before the second depolarizing pulse and washed out immediately afterwards. All depolarizing pulses are to 0 mV from a holding potential of Ϫ90 mV. Steady-state current in the first pulse was 250 pA. cover slowly to the O state. In support of the assumption that the CB to OB transition is fast compared with blocker dissociation (OB to O), we find that the time course of the slow recovery matches the open state dissociation rate measured in Fig. 2 .
In this model, because the blocker can dissociate only when the gate is open (i.e., from the OB state), the rate of recovery from block (␤ app ) should be proportional to the open probability of the blocked channels:
, where P(open|blocked) is the conditional probability that a channel is open given that it is blocked (equal to P OB /(P OB ϩ P CB )). This allows us to measure the voltage-dependent gating of blocked channels by measuring ␤ app at different voltages . We measured ␤ app in two ways, depending on the voltage. At more positive voltages where we could measure a significant K current, we monitored the dissociation continuously from the rise of the current after removing blocker, as in the third pulse of Fig 3. For more negative voltages, we first removed the blocker (maintaining the voltage at Ϫ90 mV to prevent escape) and then held at the test voltage and applied very brief pulses to ϩ60 mV to monitor the time course of recovery from blockade (Fig. 4) .
The voltage dependence of ␤ app is plotted in Fig. 5 , together with the relative open probability of unblocked channels as measured from tail currents. The solid line through the values of ␤ app was obtained by fitting the data to a Boltzmann function. The midpoint (V 1/2 ) of the CB OB transition was ‫01ف‬ mV more negative than the V 1/2 of the C O transition. After Miller et al. Figure 4 . Method for measuring the apparent dissociation rate (␤ app ) of C 10 at more negative voltages. After C 10 was applied and washed out, the voltage was held at the test potential, with brief (1 ms) pulses to ϩ60 mV to monitor recovery (voltage and perfusion protocol shown in bottom panel). The 1-ms pulses were followed by hyperpolarization to Ϫ120 mV for 4 ms, in order to close the channels quickly. The dotted line shows the steadystate level of blockade achieved during the prepulse. Rates obtained by this method were corrected for recovery during the test pulses by subtracting the rate measured at Ϫ90 mV (middle panel). 
(1987), we define a "stabilization energy" for the blocker effect on gating, equal to RT ln [K g(B) /K g ]. For C 10 we found that the blocker stabilized the open state by a rather small energy of ‫2.1ف‬ kcal/mol. Because C 10 is positively charged, its intrinsic dissociation rate (␤) should depend on voltage if the binding site is within the membrane field. This voltage dependence of ␤ was apparent in our data as the shallow decline in dissociation rate at positive voltages. For this reason, the data were actually fit using the product of the Boltzmann function for gating and an exponential function that describes the intrinsic voltage dependence of C 10 dissociation. From the fit, the estimate of the effective electrical distance for the dissociation rate was 15% of the membrane field, which seems reasonable given that on wild-type Shaker K ϩ channels, C 10 binds at a site ‫%02ف‬ into the membrane field from the intracellular side (data not shown; similar to Choi et al., 1993) . 2 2 The effective electrical distance for the dissociation rate corresponds to the difference in electrical potential between the C 10 binding site and the position of the transition state for binding/unbinding of C 10 . This should be smaller than the effective electrical distance for equilibrium binding of C 10 , which corresponds to the difference in potential between the binding site and the intracellular solution.
Trapping and Untrapping of TEA
The characteristics of blockade by TEA were also altered in the mutant and showed evidence of trapping. TEA blockade of wild-type channels is fast enough to appear as an instantaneous reduction in current (Fig. 6 A,  top) , but in the mutant, it is slow enough to produce a relaxation after channel opening like that seen for C 10 ( Fig.  6 A, bottom) . The kinetics of the relaxation were consistent with a bimolecular association reaction (Fig. 6 B) .
As with C 10 , there was a substantial difference in peak current between the first and second pulse in the presence of TEA (Fig. 6 A) , consistent with the possibility that the channels could trap TEA. As seen in Fig. 7 , trapping of TEA at Ϫ90 mV was very efficient. Even 5 min after removal of TEA, significant blockade remained. There is a small fast rising phase of the current, corresponding to unblocked channels, but ‫%57ف‬ of the current appears with a slower time constant corresponding to blocker dissociation.
Systematic study of the voltage dependence of the recovery from TEA blockade showed that TEA produces a slight equilibrium stabilization of the closed state. This was determined using the same approach described above for C 10 . We measured the voltage dependence of recovery for TEA (␤ app ) as an indication of the Trapping of TEA in I470C mutant channels. TEA (0.2 mM) was applied about 25 s before the second depolarizing pulse, and washed out immediately afterwards. All depolarizing pulses are to ϩ80 mV from a holding potential of Ϫ90 mV; the large depolarization improves the kinetic separation between channel opening and recovery from blockade. Steady-state blockade in the middle pulse is ‫%82ف‬ of the control current. The recovery in the final pulse was well fit by the normalized two exponential function I(t) ϭ 1 Ϫ A 1 и exp(Ϫt/ 1 ) Ϫ (1 Ϫ A 1 ) и exp(Ϫt/ 2 ), with values A 1 ϭ 0.24 Ϯ 0.01, 1 ϭ 0.48 (constrained to the rising phase of the control pulse), and 2 ϭ 3.8 Ϯ 0.03. Steady-state current in the first pulse was 775 pA. gating of blocked channels (Fig. 8) . This was shifted to the right by ‫21ف‬ mV compared with the voltage dependence of unblocked channel gating. This effect corresponds to a stabilization energy of ‫6.1ف‬ kcal/mol, with TEA favoring the closed state. No intrinsic voltage dependence of TEA dissociation was apparent in the voltage range explored.
d i s c u s s i o n

Trapping of TEA and C 10 by the I470C Mutant Channel
We found that in the I470C mutant of the Shaker K ϩ channel, TEA and C 10 blocked current with slightly slower kinetics and slightly higher affinity than in the wild-type channels. Surprisingly, we observed a usedependent blockade that arose from the trapping of the QAs when the channels were closed. Three features of the I470C mutant channel facilitated the study of this phenomenon: (1) high level expression of the channel, which permitted us to record macroscopic currents from inside-out excised patches that could be rapidly perfused; (2) complete trapping of the blockers in the closed channels, which simplified the kinetic scheme; and (3) the complete absence of C-type inactivation, which greatly simplified the experimental protocols needed to estimate the untrapping rates.
We found that TEA and C 10 were trapped in the channels with little energetic perturbation of the C O transition. A molecule of C 10 bound to the channel stabilized the open conformation by ‫2.1ف‬ kcal/mol, while a TEA molecule stabilized the closed conformation by ‫6.1ف‬ kcal/mol. These small and opposite effects of trapped organic blockers on the energetics of gating lead us to believe that gating mostly changes the accessibility of the blocker binding site, with very little change of the site itself. In other words, we suspect (as originally pictured by Armstrong in 1971) that the blockers bind in a relatively static intracellular vestibule that leads to the narrow ion-selective part of the pore, and that the activation gate acts like a trap door to prevent access between this vestibule and the intracellular solution (Fig. 9 A) . Trapping can occur because behind the closed gate there is a cavity, which is probably filled with water in the normal closed state but can accommodate a blocker molecule. Structural studies of a mutagenized model protein (cytochrome c peroxidase) show an artificially enlarged, water-filled cavity at the active site (Fitzgerald et al., 1996) . Access to this cavity is controlled by a hinged lid that can close and trap small ligands, although large ligands show a "foot in the door" effect and hold the lid open.
An alternative model, that trapping occurs when the closing channel "squeezes tightly" or collapses around the blocker (Fig. 9 B) , seems compatible with Ba 2ϩ trapping seen in other channels Grissmer and Cahalan, 1989) , because Ba 2ϩ has the approximate dimensions of K ϩ . It seems less likely for the trapping of relatively large organic blockers like TEA and C 10 , particularly because we observe little or no energetic penalty for closing in the presence of a blocker. Nevertheless we cannot completely rule this model out. The net energetic effect of a bound blocker on channel gating is necessarily the sum of unfavorable and favorable effects on the conformational change. That is, a blocker might sterically hinder the movement of the protein to the normal closed position and force it to adopt an energetically less favorable conformation; on the other hand, that less favorable closed conformation might have a better interaction with the blocker than the open state, which would tend to stabilize the modified closed state. Therefore, even though the net effect of a blocker on closing is very small (on the order of a single hydrogen bond), we cannot be completely confident that there is no change in the binding site upon closing.
Comparison with Trapping in Other Channels
In the squid axon delayed rectifier K ϩ channel, Armstrong (1971) found that a long-chain QA compound, C 9 , could be trapped at very negative voltages. Even at these voltages trapping was very inefficient, suggesting that C 9 made it much more difficult for the channel to close (unlike the case studied here). Smaller blockers may be trapped more efficiently in the squid channel: John Clay (1995) found that internally applied TEA did not change the time course of channel closing in squid axon K ϩ channels. This is consistent with the possibility Figure 8 . Voltage dependence of TEA escape from trapping. The apparent dissociation rate (␤ app ) of TEA was measured as for Fig. 5 , except that for more negative voltages, a true two-pulse protocol, like in Fig. 7 , was used. The g-V (same data as in Fig. 4) is shown for comparison. There was apparently no intrinsic voltage dependence for TEA dissociation; the dissociation rate data were fit by a Boltzmann function with z ϭ 6.9 Ϯ 1.5 and V mid ϭ Ϫ37 Ϯ 1 mV. that TEA is trapped by the channels, although there is no evidence for trapping because TEA kinetics are so fast.
Although trapping was discovered in K ϩ channels using quaternary ammonium derivatives, the process is not exclusive to QA compounds or to K ϩ channels. Trapping has been observed in Na ϩ channels for local anesthetics (Strichartz, 1973; Hille, 1977; Ragsdale et al., 1994; Qu et al., 1995) and for disopyramide analogues (in rabbit myocytes ; Carmeliet, 1988) . Nicotinic acetylcholine-activated channels at the neuromuscular junction can trap chlorisondamine (Neely and Lingle, 1986) . In various voltage-activated K ϩ channels, trapping has been shown for antiarrhythmic drugs (in rabbit myocytes; Carmeliet, 1992 Carmeliet, , 1993 and for aminopyridine compounds (Wagoner and Oxford, 1990; Choquet and Korn, 1992; Kirsch and Drewe, 1993) . Divalent ions are also known to be trapped inside K ϩ channels (Eaton and Brodwick, 1980; Armstrong et al., 1982; Miller, 1987; Miller et al., 1987; Grissmer and Cahalan, 1989) .
Ba 2ϩ ions can block squid axon delayed rectifier K ϩ channels from either the extracellular or the intracellular side (Eaton and Brodwick, 1980; Armstrong and Taylor, 1980; Armstrong et al., 1982) , and Ba 2ϩ seems to reach the same site regardless of which side it is applied to. Opening the activation gates apparently increases access of Ba 2ϩ to the pore from the intracellular side, while extracellular Ba 2ϩ can enter the channel even in the closed state (Armstrong et al., 1982) . This result argues that the activation gate is only at the intracellular side (but compare Miller et al., 1987 and Grissmer and Cahalan, 1989 , both of whom found that Ba 2ϩ could not enter from the external side in the closed state and therefore concluded that the pore is gated at both ends).
The most detailed kinetic study of trapping is for Ba 2ϩ ions in Ca 2ϩ -activated K ϩ channels (Miller, 1987; Miller et al., 1987; Neyton and Pelleschi, 1991) . Miller and colleagues (1987) found that internally applied Ba 2ϩ could be trapped by closing of the channels. They measured the probability of Ba 2ϩ escape from a single channel as a function of the holding voltage, and thus inferred (as we have here) the open probability of a blocked channel. They found that a bound Ba 2ϩ ion stabilized the open conformation by ‫5.1ف‬ kcal/mol. This effect of Ba 2ϩ is highly dependent on the identity and concentration of the monovalent ion bathing the extracellular face of the channel (Neyton and Pelleschi, 1991) . We have not extensively studied the effect of external monovalents on the TEA and C 10 effects on the Shaker I470C mutant channels, but we did not observe a difference between 10 mM external K ϩ and zero external K ϩ .
Other Forms of Use-dependent Blockade in Shaker K ϩ Channels Baukrowitz and Yellen (1996) showed that C 10 produces a use-dependent blockade in Shaker channels that was very dependent on external [K ϩ ]. In that case, use dependence does not occur through blocker trapping, but rather by a different mechanism in which the blocker promotes the intrinsic C-type inactivation gating process. Because C-type inactivation and recovery is slow compared with blockade, both the peak and steadystate current in each pulse get progressively smaller. For the channels in this study, C-type inactivation was reduced by the 449V mutation and further reduced by the I470C mutation, and it plays no part in the use dependence observed here, which arises from trapping.
Mechanism of the Mutation's Effect
We do not know why the I470C mutation permits the Shaker K ϩ channel to trap QA blockers. Perhaps the mutation of four amino acids in the pore (one per subunit) from isoleucine to cysteine, which has a smaller side chain, makes extra room that allows the blocker to be retained in the closed state without interfering with the closing of the door. We wondered whether this change might also allow the blockers to bind more deeply in the channel than they ordinarily do, but we found no evidence for a change in the voltage dependence of blocker binding (data not shown).
Pharmacological Implications
In any case, the fact that a point mutation can change this channel from one that does not trap blockers to one that traps them effortlessly is quite remarkable. It suggests that the difference between channels that do or do not trap blockers is not a major architectural difference, but instead it requires only minor remodeling. Furthermore, it suggests that there are likely to be substantial differences between channel subtypes in their ability to trap blockers; even within a channel subtype, there could be significant species differences. Because blocker trapping has important consequences for the use-dependent behavior of therapeutic channel blockers, it may be important to determine this property for the precise human molecular target of a drug, rather than using an animal homologue.
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